Electronic structure is the fundamental property of the material and of great importance for their applications. Low dimensionality, the surface enhancement and quantum size effects etc., make the properties of nanostructures significantly different from that of bulk[@b1][@b2][@b3][@b4][@b5][@b6], generating many new and fascinating magnetic[@b7][@b8][@b9][@b10][@b11][@b12], mechanical[@b13][@b14][@b15], optical[@b16][@b17] and superconducting[@b18][@b19][@b20] properties. This enriches the material selection and new functionality design, casting strong potential in applications such as information storage[@b11][@b21] and transfer[@b10][@b22]. Scanning tunneling microscopy (STM)[@b23] and spectroscopy (STS)[@b24][@b25] are powerful tools to investigate electronic properties of nanostructures and topographic information simultaneously with atomic-level spatial resolution. Previous findings via STM and STS have found that the electronic states can be modified by quantum confinement perpendicular to the surface[@b26][@b27] and on the surface[@b2][@b28][@b29]. Moreover, quantum confinement can influence atom diffusion[@b30][@b31][@b32] and suppress the statistical fluctuations in the number of atoms within a nanostructure[@b33], resulting in fabrication with atomic-level precision. Therefore, exploring the electronic properties in this atomic structure will be interesting and meaningful for the atomic-level nanomaterial design.

Herein we report on an experimental investigation of the electronic states of Gd adatoms trapped in open Fe corrals of varied size[@b33] as regulated by quantum confinement. STS results near the Fermi level show two characteristic spectroscopic peaks in empty corrals with the peak positions shift toward lower energy with increasing corral diameter. Once a corral traps enough Gd adatoms the higher energy peak remains, while lower energy peak disappears. These experimental findings are attributed to the quantum confinement of the corrals and the subsequently trapped Gd structures as is supported by tight-binding (TB) calculations of the local density of states (LDOS).

Results
=======

Fe and Gd adatoms are deposited onto Ag(111) and the Fe nanocorrals are built via atom manipulation. As demonstrated previously[@b33], stable open nanocorrals on the Ag(111) surface can be built with Fe adatoms that have a favorable diffusion barrier. [Figure 1(a)](#f1){ref-type="fig"} shows the STM image of a 2 × 2 array of open Fe corrals with four different diameters (7.5, 8.5, 9.8 and 10.5 nm) on Ag(111). The image size is 40 × 40 nm^2^. Two neighboring corrals are separated by 20 nm. In order to study the influence on the electronic properties due to Gd atomic trapping, we first performed spectroscopy at the center of each corral as a reference. The spectroscopy was measured for more than ten times. The average curve and statistical error were plotted in [Fig. 1(b)](#f1){ref-type="fig"}. Two characteristic peaks are observed that shift to lower energy with increasing corral diameter. We note that Gd adatoms are driven out of the scanning area with this scanning condition (−0.5 V, 1 nA)[@b33].

Moreover, when a different condition (0.5 V, 2 pA) is used for the scanning, Gd adatoms can diffuse back to the scanning area and be trapped by the open corrals, driven by a surface-state-mediated, long-range interaction[@b33]. The opening in the corral forms a gate to regulate the flow of Gd atoms traveling in and out, resulting in quantized atom trapping and a suppression of statistical fluctuations, as demonstrated in [Fig. 1(c)](#f1){ref-type="fig"}. Four open corrals of different-size trap 2, 3, 4 and 5 Gd adatoms, respectively. Thus, by changing the diameter of the open corrals, this approach offers the ability to modify the properties of nano-objects. STS provides a powerful tool to investigate the LDOS of these nanosturctures. The LDOS taken at the centers of the Gd-filled corrals are shown in [Fig. 1(d)](#f1){ref-type="fig"}. Comparing with the results before trapping Gd, we find that there is only one spectral peak, the other one at lower energy disappears.

The same measurement was performed in corrals with two additional sizes (8.0- and 9.2-nm diameter) and their spectroscopic peak positions are plotted in [Fig. 2](#f2){ref-type="fig"}, together with the data shown in [Fig. 1](#f1){ref-type="fig"}. The peaks at lower energy (black rectangles) disappear after the trapping of the Gd adatoms. The peak positions in the Gd-filled corrals (green triangles) are close to the higher-energy spectral peak of the empty corrals (red circles). These electronic properties can be qualitatively understood by the confinement model discussed previously[@b2][@b3]. Lateral confinement of the surface-state electrons will cause a series of discrete energy levels corresponding to the two-dimensional particle-in-a-box eigenstates. For a circular corral with continuous hard wall barriers, the energy levels can be expressed as:

where *E*~0~ is the onset energy of −67 meV, *m*^\*^ is the effective mass of 0.42 *m*~*e*~ of the Ag(111) surface state[@b34], *r* is the radius of the corral, and *z*~*n*~ is the *n*^th^ solution of the zeroth order Bessel function *J*~0~(z). Utilizing this model, the energy levels are plotted as a function of inverse corral area in [Fig. 2](#f2){ref-type="fig"}, labeled *E*~1~ (black line) and *E*~2~ (red line). The quantum-confinement model in general agrees with the experimental findings in the empty Fe corrals. A slight quantitative deviation, especially at higher energy, can be observed, as had been also reported by Crommie *et al.*[@b2] This deviation could be attributed to a reduced confinement effect induced by the discrete corral wall and the finite wall barrier with specific phase shift, which are different from the simple hard-wall model above. Moreover, we compared the experimental STS peaks in the Gd-filled corrals with the confinement model (see [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). The qualitative agreement illustrates that the spectroscopic peaks are due to the quantum confinement.

In the following, the origin of the spectroscopy in the Gd-filled corrals is explored. Why are they so close to the higher energy peak of the empty Fe corrals? Since the electronic properties arise from the quantum confinement of the Gd nanostructures, the location of the Gd adatoms are of paramount importance. The Gd locations are mainly determined by the distribution of the long-range interaction between the Gd adatoms themselves, and their interaction with the Fe corral[@b32][@b33][@b35]. We arranged the Gd adatoms symmetrically in a circular orbit in the Fe corrals and calculated the total interactions as the function of the orbit diameter by summing up the long-range interaction energies for every pair of Gd-Gd adatoms and Gd-Fe adatoms[@b32]. Then the optimal Gd locations were found via total energy minimization. The interaction-determined diameters of the Gd adatoms are plotted (red circles) in [Fig. 3(a)](#f3){ref-type="fig"}, comparing with the diameters derived from the STM images (black rectangles). The calculation only includes two-body interactions, however, the agreement illustrates that the Gd structure is driven by the long-range interaction. The energy levels of the Gd structures are plotted \[red circles in [Fig. 3(b)](#f3){ref-type="fig"}\] according to the calculated Gd locations and the confinement model. The calculated peak positions are close to those of the STS measurements. This demonstrates that the spectral change is caused by the quantum confinement of the Gd structures as determined by the surface-state-mediated, long-range interaction.

Knowing the reason for the change of electronic states after the trapping of the Gd adatoms, it is interesting to investigate the step-by-step evolution of spectroscopy as the corral traps each Gd adatom. The empty Fe corral of diameter 8.5 nm was scanned and the diffusion of Gd adatoms was tracked at 4.2 K. Once one Gd adatom is trapped inside the corral, the sample is cooled to 3.0 K to avoid more Gd trapping, and the measurement is performed. Then the sample is warmed to 4.2 K to trap another Gd adatom. Finally, the topographic \[[Fig. 4(a)](#f4){ref-type="fig"}\] and spectroscopic \[[Fig. 4(b)](#f4){ref-type="fig"}\] information for the 8.5-nm corral with 0, 1, 2 and 3 trapped Gd adatoms was obtained. The evolution of the spectroscopy in the corral can be clearly traced: the intensity of the peak at lower energy decreases to zero gradually as its position shifts slightly toward higher energy; the intensity and position of the peak at higher energy are nearly the same. This can be understood as follows. When more Gd adatoms are trapped inside the corral, the electronic contribution from the corral starts to be screened by the new nanostructure formed by Gd adatoms. Interestingly, the spectroscopy of the Gd structure has its characteristic peak near the higher energy peak in the empty corral. Combining these two effects, the evolution of the STS with increasing number of trapped Gd adatoms can be explained. We note that the difference around −0.1 V came from the changing tip condition, as shown by the spectroscopy of the pure Ag(111) surface without nearby adatoms. This tendency was also qualitatively reproduced by the TB calculation ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}).

This spectral change can also be understood qualitatively as follows. There are two different electronic states in experimental energy range for each empty corral. The standing wave of the second state has a node close to the position of Gd adatoms driven by the long-range interaction minimum (see [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). Therefore, the second state can survive with the new Gd boundary. However, the first state without a node at the Gd positions is massively affected.

To obtained quantitative agreement, TB calculations were also performed for corrals of different sizes. The curves in [Fig. 5(a)](#f5){ref-type="fig"} show the calculated LDOS at the centers of four different corrals. The adatom positions are the same as in the experiments. The two spectral peaks and their shifting towards lower energy in larger corrals are reproduced. After trapping the Gd adatoms, the calculated LDOS only has the higher energy peak \[[Fig. 5(b)](#f5){ref-type="fig"}\], in agreement with experiment. In order to show that the spectroscopic properties of the Gd-filled corrals mainly come from the Gd structures, the Fe corrals were artificially removed from the calculation. This spectroscopy of the artificial structure shown in the inset of [Fig. 5(c)](#f5){ref-type="fig"} stays nearly the same except in the 7.5-nm corral, as described below.

The peak positions derived from STS measurements (solid symbols) and TB calculations (open symbols) are compared in [Fig. 6](#f6){ref-type="fig"}. In empty Fe corrals, the calculated peak positions agree with the experimental results both at lower (black rectangles) and higher energies (red circles). After Gd adatoms are trapped in the corrals, the agreement still exists except for the 7.5-nm corral (green triangles). This deviation may come from the reduced confinement effect as only two Gd atoms are involved, or from the modification of the TB Hamiltonian when the size of the Gd structure shrinks.

In summary, the electronic structures in Gd nanostructures trapped in open Fe corrals were experimentally investigated. Two characteristic spectroscopic peaks are observed near the Fermi level in empty corrals, and they shift toward lower energies with increasing corral diameter. After the trapping of Gd adatoms, there is only one peak, whose position is close to that of the higher energy peak in the empty corral. These findings are explained by the quantum confinement of the corrals and the Gd structures inside, as determined by a surface-state-mediated, long-range interaction. TB calculations were performed that are in quantitative agreement with the experimental results. These findings demonstrate that by changing the diameter of the open corrals atomic structures with atomic-level precision can be achieved with tailored electronic structures.

Methods
=======

Experimental techniques
-----------------------

The experiments were performed in an ultrahigh vacuum chamber (2 × 10^−11^ mbar) equipped with a low-temperature STM and a sputter gun. The preparation of the single-crystal Ag(111) substrate and subsequent Fe and Gd *in-situ* depositions have been described previously[@b32][@b33]. For imaging Gd adatoms, the sample can be cooled to \~3 K by pumping on liquid He. The scanning conditions for Gd imaging were: bias voltage *U* = 0.5 V, and tunneling current *I*~*t*~ = 2 pA. The bias voltage refers to the sample voltage with respect to the tip. The W tip was flashed *in-situ* with an *e*-beam heating device to remove the oxide layer[@b36]. After cleaning, reproducible spectroscopy data are readily obtained. Spectroscopy measurements were performed via the modulation technique utilizing a 10-mV amplitude and 6.09-kHz frequency.

Method of calculation
---------------------

To understand the experimental results, TB calculations were performed as described previously[@b37][@b38]. Periodic boundary conditions are used with a unit cell between 55 × 55 and 65 × 65 (number of Ag atoms between the centers of two neighboring corrals) according to the different sizes of the Fe corrals. Thus, each corral can be considered as being isolated. The position of the adatoms is determined experimentally and their effect on the Hamiltonian is attributed to a modification of the on-site potential of the nearby Ag(111) lattice. Then the LDOS at the center of the corral is calculated.
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![The changing of electronic properties after atom trapping.\
STM image of an array of open Fe corrals of diameters 7.5, 8.5, 9.8 and 10.5 nm before (**a**) and after (**c**) trapping Gd adatoms. The image sizes of (**a**) and (**c**) are 40 × 40 nm^2^. The *dI*/*dU* spectra are measured at the centers of different corrals before (**b**) and after (**d**) trapping Gd adatoms.](srep12092-f1){#f1}

![Comparison with confinement model.\
Comparison of the experimental (black rectangles and red circles are for empty Fe corrals, green triangles are for Gd-filled corrals) and confinement-model-derived (black and red lines) positions of STS peaks in different-sized corrals.](srep12092-f2){#f2}

![The origin of the spectroscopy.\
(**a**) The diameters of the circular area formed by Gd adatoms, which are derived from STM images (black rectangles) and long-range interactions including total energy minimization (red circles). (**b**) The spectroscopic peak positions derived from STS measurement (black rectangles) and confinement model concerning interaction-determined Gd locations (red circles).](srep12092-f3){#f3}

![The step-by-step evolution of spectroscopy.\
(**a**) STM images of the 8.5-nm open Fe corral with 0, 1, 2 and 3 Gd adatoms trapped inside. The image sizes are 15 × 15 nm^2^. (**b**) The evolution of the STS at the center of the corral during the trapping of Gd adatoms.](srep12092-f4){#f4}

![TB calculated LDOS.\
The results were calculated at the centers of corrals of different sizes: (**a**) for empty corrals, (**b**) for Gd occupied corrals, and (**c**) for Gd structure after artificially removing Fe corrals. The insets show corresponding STM images for 8.5-nm corral.](srep12092-f5){#f5}

![Comparison of the experimental and TB calculated results.\
The experimental spectroscopic peak positions are shown as solid symbols and TB calculated LDOS peak positions are shown as open symbols. Black and red symbols represent the peak positions at lower and higher energies in empty Fe corrals, respectively. Green symbols represent the peak positions for the Gd-filled corrals.](srep12092-f6){#f6}
